The LC 50 of commercial neem extract (Sadao Thai III containing azadirachtin; NEEM) on filter paper in the earthworm Pheretima peguana at 48 h and 72 h was 3.79 and 3.33 µg cm −2 , respectively. In earthworms exposed to five NEEM concentrations from 0.39 (∼10% of 48-h LC 50 ) to 3.13 (∼80% of 48-h LC 50 ) µg cm −2 , the radial thickness of the epidermis and body wall significantly (P < .05) decreased, and thickness of intestinal epithelium increased but only at high doses, approximately 25-fold above the concentration permitted for use as an insecticide in field applications (0.09 µg cm −2 ). NEEM significantly (P < .05) increased the number of binucleated coelomocytes in the micronucleus test (detects chromosomal aberrations) at 3.13 µg cm −2 , approximately 35-fold higher than the recommended dose, but it did not cause coelomocyte DNA single-strand breaks in the comet assay. Thus, NEEM is cytotoxic (increase in binucleates through the inhibition of cytokinesis) but not genotoxic to earthworm coelomocytes. This study demonstrates that the recommended dosage of commercial neem extract as an insecticide in agricultural practices is safe for earthworms.
Introduction
The most active chemical of neem extract (Sadao Thai III; NEEM) is azadirachtin (Aza), which belongs to the tetranortriterpenoid group of organic compounds. It functions as an ecdysone blocker and a feeding deterrent for some insect pests. There is a perception that NEEM is an environmentally friendly insecticide, so it is often used in high concentrations, and this can lead to a heavy load of NEEM in soil. High NEEM soil concentrations can cause chronic toxicity to nontarget organisms such as crustaceans (Daphnia magna and Hyalella azteca) [1] through leaching from soil into waterways. NEEM has also been shown to induce genotoxicity in rodents [2, 3] and fish [4] . These effects raise concern over the safe use of NEEM as a pesticide in agricultural practices.
Although earthworms are often used in terrestrial ecotoxicity evaluation [5] , there is little information available on the effects of NEEM on earthworm immune competent cells and histology of the epidermis, skin, body wall, and intestinal lining. In earthworms, coelomocytes are the circulating leukocytes present in the coelomic cavity and play an important role in immune defense. They have been used to study the effect of genotoxicants such as nickel (Ni) and cadmium (Cd) [6, 7] on earthworms. The genotoxicity of NEEM to earthworm coelomocytes has not been reported.
DNA damage induced in mammalian and aquatic species by chemical and physical agents can lead to the appearance of micronuclei in erythrocytes of mice [8] and piscines [9] . Micronuclei are cytoplasmic chromatin masses resembling minute nuclei, formed when a whole chromosome or acentric chromosomal fragments lag during anaphase and fail to become incorporated into daughter-cell nuclei during cell division [10] . Micronuclei are formed under the influence of genotoxic clastogens (which cause chromosomal breaks) and aneugens (which affect the spindle apparatus and can lead to a loss of the whole chromosome) prior to mitosis [11] . Micronuclei can be detected with the in vivo micronucleus test, a well-established assay in genotoxicity testing and human biomonitoring that also detects other nuclear anomalies such as binucleated, blebbed, notched, and lobed nuclei.
Binucleate cell formation occurs in abnormal cytokinesis [12] and during cell proliferation. Salehzadeh et al. [13] reported the similarity between Aza and colchicine was that both phytochemicals prevented the polymerization in vitro of mammalian tubulin. Because of the mechanism of action of NEEM, binucleated cells were investigated.
The comet assay has been used for genotoxicity assessment of DNA single-strand breaks [14] to detect even low level DNA damage in single cells [15] . It is based on the further migration of damaged DNA during electrophoresis, with the DNA then resembling a "comet" with a brightly fluorescent head and a long tail region that increases with severity of DNA damage. It has been used to assess DNA damage in earthworms, for example, Eisenia fetida exposed to Ni [6] , Aporrectodea longa to soil spiked with benzo[a]pyrene (B[a]P) and/or lindane [16] , and Amynthas diffringens, Aporrectodea caliginosa, Dendrodrilus rubidus, Eisenia fetida, and Microchaetus benhami to Cd [7] . Both the micronucleus test and comet assay have been proposed as biomarkers of DNA damage.
Earthworms are resilient organisms and can live in soil containing significant concentrations of chemicals, including some persistent insecticides [17] . Ecologically, this is relevant, because several species of birds and mammals feed on earthworms, and therefore, any chemical accumulation can potentially lead to biomagnification. Amaral et al. [18] reported variation in the radial thickness of chloragogenous tissue and intestinal epithelium, which are the major toxicant depositories in earthworms [19, 20] . To our knowledge, the toxicity of NEEM on the histology of these tissues has not been previously reported.
The objectives of the present study were to evaluate (1) the acute toxicity of NEEM to Pheretima peguana, (2) the subacute toxicity of NEEM by evaluating (i) DNA damage including chromosomal aberrations (micronucleus test), (ii) DNA single-strand breaks (comet assay), and (iii) variation in thickness of epidermis, body wall and intestinal epithelium, and (3) the relative sensitivity of these biomarkers to Pheretima peguana exposed to NEEM.
Materials and Methods

Earthworms.
Earthworms (Pheretima peguana, Lumbricidae, Oligochaeta) were sourced from a commercial supplier. The worms were maintained in large plastic boxes (containing moist soil supplemented with cow dung) in the laboratory at 28 ± 1
• C and 65% humidity, with a 12 h light/dark cycle and fed weekly with watermelon and acclimatized for 2 weeks. Adult worms (identified by the presence of a clitellum), weighing 300-500 mg, were allowed to depurate their gut contents on damp filter paper for 24 h prior to the experiments to avoid contamination during harvesting of coelomocytes. The HPLC analyses were conducted using a Pursuit C18 column (5 µm, 250 × 4.6 mm 2 I.D.) fitted to the Agilent 1100 Series HPLC System equipped with 1100 binary pump, 1100 diode array and UV detector. The samples (20 µL) were autoinjected into the HPLC. The mobile phase used was acetonitrile-water (40 : 60; v/v), at a flow rate of 1 mL min −1 , while the UV signals were recorded at 210 nm [21, 22] . The standard Aza was eluted at a retention time of 10.5 min. The chromatograms and data were acquired and processed with the HP Chemstation Data System (Scientific Equipment Center, Kasetsart University, Thailand).
Acute Toxicity.
After 24-h depuration, earthworms were rinsed in distilled water and dried on filter paper. A total of 140 earthworms were exposed to either distilled water (control; n = 20) or one of six concentrations (based on a preliminary study) of NEEM containing Aza (n = 20 per concentration). Earthworms were weighed and each placed in a glass container (2 × 9 cm) lined with a 9-cmdiameter Whatman no. 1 filter paper. Filter papers were moistened with 3 mL of one of the different concentrations of Aza: 0, 33.22, 49.83, 66.44, 83.05, 99.66, and 116.27 mg L −1 . These concentrations are equivalent to Aza exposures of 0, 1.57, 2.35, 3.13, 3.92, 4.70, and 5.48 µg cm −2 of filter paper. All experiments were performed at room temperature. The percentage mortality was determined at 48 and 72 h. Earthworms were considered dead when they did not respond to touch of the anterior region. The data were analyzed using Probit analysis on SPSS statistical software to determine the concentration at which 50% and 10% mortality occurred.
In Vivo Dose-Effect Relationship.
The in vivo dose-effect relationship was assessed in coelomocytes of 48 earthworms, using the micronucleus test, whereby micronuclei and binucleate frequencies are determined. Each earthworm was exposed to NEEM containing one of five Aza concentrations (n = 6 per treatment), well below the LC 50 concentration for 48 h in filter paper studies as described above for the subacute study. Final Aza concentrations were 0.39 (∼10% of 48-h LC 50 concentration), 0.78, 1.57, 2.35, and 3.13 (∼80% of 48-h LC 50 concentration) µg cm −2 filter paper. Distilled water was used as a negative control (0; n = 6) and a single dose of CdCl 2 (0.01 µg cm −2 ; n = 6) as the positive control. In Thailand, the highest concentration of Aza permitted for use in the field is 0.09 µg cm −2 . Therefore, a pure Aza
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At 48 h, three earthworms from each concentration, including the positive and negative controls and the pure Aza group, were removed from the filter paper, rinsed in distilled water and slightly dried on a paper towel for coelomocyte collection. Each treatment had three replicates. Coelomocytes were enumerated and examined for cell viability, chromosomal aberration (micronucleus test) and DNA single-strand breaks (comet assay). The remaining three earthworms were used for histological studies of the epidermis, body wall, and intestinal epithelium. The bodyweights of all earthworms were recorded.
Coelomocyte Collection.
Three earthworms from each group were exposed to extrusion buffer [23] , and the coelomocytes extruded through the dorsal pores were used for the assays.
Coelomocyte Enumeration and Cell Viability.
The extruded coelomocytes from three earthworms were transferred to ice-cold Ca 2+ free Lumbricus balanced salt solution (LBSS) [24] . Cells were counted in a haemocytometer and the cell concentration adjusted to 10 5 cells mL −1 . Cell viability was determined with the trypan blue exclusion test after mixing an equal volume of coelomocyte suspension with 0.4% trypan blue (Sigma, USA) solution.
Micronucleus
Test. An aliquot of 10 µL coelomic fluid from each earthworm was smeared on a glass slide, with three slides from each earthworm for each concentration, and allowed to air dry. The coelomocytes were then fixed with methanolic fixative solution and stained with Wright Rapid Stain. A total of 3,000 small coelomocytes from three separate slides (1,000 cells slide −1 ) from each earthworm per concentration were examined under a compound microscope at 1000x magnification to determine the mean micronuclei and binucleate frequency. The remaining coelomic fluid was used to study DNA single-strand breaks by the comet assay.
Comet Assay.
Three microgel slides were prepared from the coelomocytes of three earthworms, based on the protocol of Singh et al. [25] modified by S. A. Reinecke and A. J. Reinecke [6] . All steps were conducted in dim light at 4
• C to prevent additional DNA damage. An aliquot of 20 µL coelomocyte cell suspension was carefully mixed with 75 µL 0.5% (w/v in PBS, pH 7.3) low-melting agarose (LMA) at 40
• C, overlaid on microscopic slides precoated with 100 µL normal melting agarose and immediately covered with a cover glass. Agarose was allowed to solidify by keeping slides on ice packs for 1 min. Cover glasses were removed and 0.5% low-melting agarose (prepared in 40 mM TrisCl) was layered on the slides and covered with a cover glass. Slides were then transferred onto ice packs for 1 min. Cover glasses were removed and the slides kept in lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris base, 1% Triton-X, pH 10.0) for 15 ± 1 h in dark at 4
• C. Slides were then transferred to a tank containing electrophoresis buffer (300 mM NaOH, 1 mM EDTA, pH > 13) for 20 min for DNA to unwind. Electrophoresis was carried out for 30 min at 12 V (∼0.37 V/cm) and 300 mAmp. Next, slides were neutralized with a 0.4 M Tris buffer (pH 7.5) thrice at 5-min intervals.
Slides were stained with 100 µL of 20 µg mL −1 ethidium bromide for 5 min and washed with deionized water to remove excess stain. The slides were observed in a Nikon eclipse 80i fluorescent microscope with filter block UV-2A (excitation filter 510-560 nm, decroic mirror 575 nm, emission 590 nm). Images of comets were obtained with a digital camera (Nikon DXM 1200C) and analyzed with the software program LUCIA (Laboratory Universal Computer Image Analysis). At least 100 nonoverlapping comets per slide were captured randomly at 400x magnification and scored for the following comet parameters: tail DNA (TD) % (expressed as the percent of fluorescent intensity in tail), DNA tail length (TL; the distance from nuclear center to the end of comet tail), and DNA tail moment (TM; incorporates a measure of the smallest detectable size of migrating DNA (reflected in the comet tail length) and the number of relaxed/broken pieces (represented by the intensity of DNA in the tail)).
Earthworm Transverse Section: Histology and Morphometry.
A 1-cm-thick earthworm transverse section posterior to the clitellum was excised (n = 3 earthworms for each NEEM Aza concentration and the control) and fixed for 24 h in Bouin fixative, dehydrated in 70% alcohol, cleared in methylbenzoate overnight, rinsed in benzene, embedded in paraffin, and sectioned at 7-µm thickness. Sections were stained with haematoxylin and eosin. Ten serial sections per worm were used to quantify the radial thickness of the epidermis, body wall (epidermis and muscle), and intestinal epithelium, with each section divided into six regions as shown in Figure 1 . In each region, the radial thicknesses of epidermis, body wall, and intestinal epithelium were measured under a compound microscope (100x and 400x magnification) for morphometry. Measurements were made by a single observer using an ocular micrometer. The average of six region measurements per section was calculated. Due to time constraints, the morphometric studies could not be performed in the earthworms exposed to the pure Aza groups.
Statistical Analyses.
Results of the in vivo dose-effect relationship study are expressed as the mean and standard error of the mean (SEM) from three earthworms. Data were processed with SPSS Software version 11.5 and significant differences between different treatment groups were determined using one-way ANOVA and Tukey's multiple comparisons test. When normality failed, the Kruskal-Wallis H or Mann-Whitney U test was performed. For all statistical tests, differences were considered significant if P < .05.
Results
Acute Toxicity. NEEM was toxic to
Pheretima peguana in the filter paper contact test as evidenced by an increase in mortality with increasing concentrations. The LC 50 and LC 10 of NEEM at 48 h to Pheretima peguana were 3.79 and 1.27 µg cm −2 , respectively, and at 72 h were 3.33 and 0.84 µg cm −2 , respectively ( Figure 2 ). These concentrations are much higher than the recommended dose (0.09 µg cm −2 ) in the field.
In Vivo Dose-Effect Relationship
Coelomocyte Enumeration and Cell Viability.
After 48 h exposure of earthworms to NEEM, extruded coelomocytes were counted and expressed as the number of cells per unit bodyweight. There was no significant difference in coelomocyte number per unit bodyweight between earthworms exposed to increasing concentrations of Aza and the controls ( Table 1 ). The coelomocyte viability varied from 96 to 100%.
Micronucleus Test.
Micronuclei and binucleate numbers in coelomocytes exposed to distilled water (control), NEEM, pure Aza, and Cd (positive control) following a 48-h exposure are shown in Table 2 . The number of binucleates increased significantly in earthworms exposed to the higher concentrations of NEEM (Aza > 2.35 µg cm −2 filter paper) and Cd (0.01 µg cm −2 ). Numbers of micronuclei were significantly increased in earthworms exposed to the positive control, but not in those exposed to NEEM.
Comet
Assay. TD%, TL and TM in earthworm coelomocytes treated with Cd, pure Aza and NEEM are shown in Table 3 . Earthworms exposed to the positive control Cd for 48 h, TD% and TM increased significantly (Table 3) . No significant differences in TD%, TL and TM were found in earthworms exposed to pure Aza and NEEM compared with the controls.
Histology and Morphometry.
The effects of NEEM on Pheretima peguana histology are shown in Figure 3 . NEEM at and above 2.35 µg cm −2 Aza concentration on filter paper significantly increased the radial thickness of the intestinal epithelium (Figure 3(d) ), but the effect was less than observed with the positive control (Cd 0.01 µg cm −2 ; Table 4 ). In contrast, NEEM significantly decreased the radial thickness of body wall at and above 2.35 µg cm −2 , and epidermis at 3.13 µg cm −2 concentration (Table 4 ). The Cd positive control, 0.01 µg cm −2 , significantly increased the radial thickness of epidermis and intestinal epithelium but not of the body wall. Histological examination of transverse sections from the control group (Figure 3(a) ) showed normal architecture and the intact nature of circular and longitudinal muscles. Earthworms exposed to ∼80% LC 50 for 48 h (Aza 3.13 µg cm −2 ) showed the neighboring cells in circular and longitudinal muscles to be discontinuous, separated by narrow to large gap junctions (Figure 3(b) ).
Discussion
This study was conducted to determine whether NEEM, an "ecofriendly" pesticide, caused any cytotoxic or genotoxic effect on a nontarget terrestrial organism, the earthworm Pheretima peguana. In coelomocyte studies, viability always exceeded 96%. This is in contrast to the study of Homa et al. [26] who reported that coelomocyte viability significantly filter paper doses. Chandra and Khuda-Bukhsh [4] reported that Aza induced genotoxicity in Oreochromis mossambicus fish. Our results indicate that there is no significant difference in micronuclei between earthworms exposed to NEEM and pure Aza compared with the negative control, indicating that Aza did not cause chromosomal aberrations in coelomocyte DNA. However, NEEM at 3.13 µg cm −2 Aza concentration and the Cd positive control at 0.01 µg cm −2 concentration on filter paper significantly increased the number of binucleate coelomocytes (Table 2 ). This is in agreement with Anuradha et al. [27] who reported that Aza A, the major limonoid of neem seed extracts, induces depolymerization of actin leading to arrest of cells and subsequently apoptosis in a caspase-independent manner. This could be because Aza has chemical characteristics similar to colchicine, an antimitotic metabolite affecting synthesis and depolymerization of spindle fibers [28] . Therefore, binucleate appearance could be regarded as a biomarker of effects at higher exposure to NEEM (at 3.13 µg cm −2 ), which is about 35-fold higher than the permitted use in the field (0.09 µg cm −2 ). In the comet assay, neither NEEM nor pure Aza had an effect on TD%, TL and TM compared with the negative control (Table 3) indicating that these chemicals do not cause DNA damage at the concentrations used in this study, which are higher than the concentrations used in the field.
In contrast, in Cd-exposed earthworms, the TD% and TM were significantly higher than in the negative control at 48-h exposure. This is in agreement with Fourie et al. [7] who found that Cd damaged coelomocyte DNA of three earthworm species-Aporrectodea caliginosa, Dendrodrilus rubidus,and Eisenia fetida-in artificial soil-water medium at an exposure to Cd concentrations as low as 20 mg L −1 . The present study has shown that NEEM significantly decreased the thickness of body wall and epidermis and increased the thickness of intestinal epithelium of Pheretima peguana but only at high concentrations. Similar changes to the intestine have been reported in the earthworm Lumbricus terrestris exposed to volcanic soil with high Cu and Fe content [18] . The increased intestinal epithelial thickness may be interpreted as an adaptation of the earthworms to increased exposure to toxicants including NEEM, to protect the gut lining. According to Morgan et al. [20] , morphological alterations in Dendrodrilus rubidus intestinal epithelium are a way coping with exposure to high metal concentrations. Collectively, such changes would affect the health of earthworms including changes to absorption and digestion of nutrients, behavior, and locomotion.
It is apparent that NEEM can damage the epidermis, body wall, and intestinal epithelium of the earthworms. The gaps in muscles in the body wall may be due to apoptosis leading to discontinuous muscle cells. Similar changes have been reported in earthworms exposed to tetraethyl lead and lead oxide [29] and the organophosphorous pesticide profenofos [30] .
Thus although NEEM and pure Aza were not genotoxic to the earthworm Pheretima peguana, NEEM decreased the body wall and epidermal thickness at Aza concentrations on filter paper of 2.35 and 3.13 µg cm −2 , respectively, and increased intestinal epithelium at and above 2.35 µg cm −2 concentration. Moreover, it increased the binucleated coelomocytes at 3.13 µg cm −2 concentration. It appears that the increased intestinal wall thickness and decreased body wall Applied and Environmental Soil Science 7 thickness are more sensitive biomarkers of exposure to NEEM than the changes in epidermal thickness. These results suggest that along with binucleate frequency, other morphological biomarkers like morphometric and histological changes in the body wall, intestinal epithelium, and epidermis are helpful in assessing the toxicity of NEEM to earthworms.
Conclusion
NEEM containing Aza at concentrations even >35-fold higher than the recommended soil application rate as an insecticide was not genotoxic to earthworm coelomocytes as evidenced by the micronucleus test and comet assay. High concentrations of NEEM may be stressful, however, and earthworms adapt by changing the morphometric characters of tissues including epidermis, body wall, and intestinal epithelium. Among the parameters studied, the most sensitive biomarkers of exposure to NEEM were the increase in intestinal wall thickness and decrease in body wall thickness.
